Passive pumping for lab-on-a-chip using surface tension only is the most effective method because the effect of surface tension on flow is significant in microscale. The movement of the triple point at a meniscus is driven by surface tension, resisted by viscous stress, and balanced by inertial force. In previous studies, the meniscus motion has been predicted theoretically with a one-dimensional model. However, three-dimensional flow field around the meniscus and the effect of cross-sectional shapes on the flow have not yet been assessed. Here, we visualized and analyzed the surface-tensiondriven blood flow using spectral-domain Doppler optical coherence tomography.
INTRODUCTION
Microfluidics emerged in the beginning of the 1980s and is used in the development of inkjet printheads, DNA chips, lab-on-a-chip technology, micro-propulsion, and micro-thermal technologies. The advent of microfluidic devices has brought people a need for better understanding of the flows in capillary microchannels. In order to induce the flows in the microchannels, conventional pressure-driven methods are inadequate because they require an active pumping mechanism and turn out to have a high pumping pressure. Novel passive pumping mechanisms that take advantage of high surface-volume ratio have been tried, including the surface-tension-driven method, droplet and bubble based thermocapillary, viscosity-temperature dependent valveless micropump, electroosmosis, electrowetting, electrohydrodynamic effect etc. Among them, the surface-tension-driven method is suitable for handheld, disposable, and on-site diagnostic applications which usually utilize biological liquids like blood.
When the microchannel comes in contact with a blood droplet, surface tension draws it into the microchannel and sets the blood into motion. At the common line of intersection of the blood-gas interface and the solid wall of the microchannel, the three surface tension forces originating from blood-gas, blood-solid, and gas-solid interactions stay in local equilibrium by establishing a certain contact angle. Maintenance of this state of equilibrium pulls the blood toward the meniscus bounded by the common line which moves along the blood motion as well. It, however, is not a straightforward way to determine the surface tension forces or the contact angle in this situation with a moving common line. The contact angle would rather evolve dynamically due to the interrelation between the surface tension forces and the meniscus speed.
Pioneering attempts to understand the surface-tension-driven flows for practical applications have been made by Lucas 1 and Washburn.
2 By assuming a steady-state flow, they obtained a solution for the, so-called, Lucas-Washburn equation. The solution states that the meniscus position is governed by the square root of time. In the literature, there have been several decades of research reporting on the dynamics of the meniscus, wetting and spreading as well as reconciling of the no-slip condition of the common line motion. [3] [4] [5] [6] [7] Further, there have been many theoretical and experimental studies on surface-tension-driven flows. [8] [9] [10] [11] [12] [13] [14] Recently, Chakraborty 15 studied theoretically the effect of suspended erythrocytes on non-Newtonian flow characteristics and the implication of the dynamically-evolving contact angle. These studies, however, are one-dimensional models which focus on the meniscus speed but cannot account for the radial liquid velocity, particularly in the surface traction regime near the meniscus.
In order to explore and quantify biochemical reactions, such as DNA hybridization and antigen-antibody binding, it is important to know the radial velocity. The radial velocity enhances mass transfer over reactive surfaces in the microchannels. For instance, the surface plasmon resonance sensor, which is a surface-based detection system to monitor adsorption of biological molecules onto the surface of a gold film, can get a high sample capture fraction and minimize sample consumption by radial velocity.
In this study, we assessed the axial and the radial velocity field of the surface-tension-driven blood flow with spectraldomain Doppler optical coherence tomography (SDDOCT). SDDOCT is an emerging imaging modality that has highspeed, high-resolution, non-invasive, cross-sectional imaging capability through turbid biofluids. Since SDDOCT allows simultaneous real-time visualization of sample structure and flow, it is often compared to clinical ultrasound. However, the spatial resolution of clinical ultrasound is limited to approximately 100 µm due to the relatively long wavelength of acoustic waves. SDDOCT takes advantage of the short coherence length of broadband light sources in order to achieve cross-sectional images with micrometer (2-10 µm) scale resolution. SDDOCT is also superior to ultrasound in that SDDOCT is operated in non-contact-mode. Because of the aforementioned merits, SDDOCT is receiving a great deal of attention in the area of microscale flow visualization. 16 
EXPERIMENTAL SETUP
The schematic of SDDOCT is shown in Fig. 1 . Low-coherence light having a 1310 nm center wavelength with a full width at half maximum of 95 nm was coupled into the source arm of a fiber-based Michelson interferometer. Backscattered lights from the reference and sample arms were guided into a spectrometer. Interference fringes were sampled by the spectrometer with a 1×1024 InGaAs detector array at 7.7 kHz. The wavelength range on the array was 130 nm, corresponding to a spectral resolution of 0.13 nm and an imaging depth (from A to A') of 3.4 mm in air. The probe beam with a 15 µm spot at the focal point was fixed at the center of the microchannel. The microchannel was tilted by 2 o from the horizon using an accurate goniometer to avoid possible detector saturation by a strong backscattering from the microchannel surface. This angle sets the Doppler angle between the backscattered light and the velocity of blood cells. We used microchannels with different sizes and cross-sectional shapes: three circular microchannels with inner diameters of 300 µm, 400 µm, and 500 µm, and two square microchannels with widths of 300 µm and 500 µm. A method to get the sample structure and velocity from the interference fringes was well described in the authors' previous paper. 
EXPERIMENTAL RESULTS
From a video analysis, we first measured the meniscus position over time for the different microchannels and computed the meniscus speed for each position as shown in Fig. 2 Fig. 2 . The meniscus position over time for the different microchannels was obtained by video analysis, and meniscus speed was computed for each position. Elapsed time for the meniscus to reach a position was obtained by averaging three ensemble sets. Three circular microchannels with inner diameters of 300, 400, and 500 µm and two square microchannels with widths of 300 and 500 µm were used and are indicated by symbols in the legends. where h is the meniscus position from the inlet of the microchannel, a is the inner radius of the microchannel, Γ is the surface tension, θ is the contact angle, µ is the apparent viscosity, and t is the time. The meniscus speed in the square microchannel was faster than in the circular counterpart in the beginning but slowed later as shown in Fig. 2 . In the beginning, the surface tension force prevailed and the flow in the square microchannel driven by a bigger surface tension had a higher meniscus speed. While blood was wetting the microchannels, the friction force came into play. The friction force in the square channel was 1.125 times greater if the meniscus speed was the same as that of the circular microchannel. The flow, therefore, in the square microchannel decelerated quickly, and the meniscus speed eventually became slower. The radial velocity imaged by SDDOCT is shown in Fig. 3 . All cases are for the circular microchannel with an inner diameter of 500 µm. The images in Fig. 3 are depth versus time plots at different fixed positions (X = 20, 40, 60, and 80 mm) which mean the time histories of the radial velocity along the diameter of the microchannel. Here, X is the distance from the inlet of the microchannel. The time history was taken three times for each position corresponding to three rows in Fig. 3(a)-(d) . (Only two of three are shown in Fig. 3d .) Blood has strong light scattering because of the difference of refractive indices between erythrocytes and plasma and a strong absorption by hemoglobin. Hence, light penetration depth into the blood was limited to 300 µm out of a 500 µm inner diameter. By considering an axisymmetric flow pattern, we show enlarged upper half images in the second column in Fig. 3(a)-(d) . The left side of each image indicates the time when menisci reached the probe beam of SDDOCT. The radial velocity was mapped in the color shown in the color map at the bottom of Fig. 3 . Each image has an elliptic color pattern. The outermost color in the pattern indicates the direction of the radial velocity. The outermost color of all images in Fig. 3 is blue which means that the direction of the radial velocity is upward (negative). The red color at the center of the elliptic pattern, for instance, in Fig. 3(b) does not mean positive velocity but is more negative because there is an abrupt color change from blue to red. A strong negative velocity caused an aliasing effect or a phase wrapping. 16 The strong radial velocity toward the wall implies that the axial blood velocity at the center of the microchannel is faster than the meniscus speed in order to satisfy the equation of continuity. If an observer follows the moving meniscus, he will observe a clockwise recirculation near meniscus. Remembering the flow is axisymmetric, we can infer the recirculation from the core of the circular microchannel to the wall along the interface between blood and gas. The decreasing tendency of the radial velocity against the probe beam position was almost the same as that of the meniscus speed. Additionally, we compared the radial blood flow pattern against the radial water flow pattern in Fig. 3(d) . We used neutrally buoyant polystyrene beads with a mean diameter of 200 nm as seeding particles in a water experiment. Because of low absorption by the water, we could see the entire cross section along the channel diameter. Surface tension of blood is half water, and viscosity is 4 times greater than water. The meniscus speed in the water experiment was much faster and as was the radial velocity.
The difference of the meniscus speed and the maximum axial blood velocity at the center of the microchannel in the downstream far enough not to have any radial velocity is a measure of strength of the radial velocity at a certain time. We measured the axial velocity profile of blood flow at X = 20 mm at three different times (0.09, 1.23, and 2.38 seconds later after the meniscus reached the probe beam located at X = 20 mm) and plotted them in Fig. 4 . In the downstream far enough not to have any radial velocity, the velocity has only an axial component and, therefore, the Doppler angle is easily determined if we consider the 2 o tilted angle of the microchannel. Then, the axial blood velocity can be obtained from the Doppler shift measured by SDDOCT. The number 1 indicated in Fig. 3(a) corresponds to 0.09 seconds. The axial blood velocity decreased with time. Assuming the profile follows Poiseuille's law, we provided parabolic curve fits with the same flow rates (calculated from the experimental data) for three cases. Maximum velocities were 29.4, 22.9, and 19.5 mm/sec, respectively. Since the meniscus speed is almost constant (23 mm/sec from Fig. 2 ) during such a short time of 0.09 seconds, the measure of strength of the radial velocity was 6.4 mm/sec, and it was 28% of the meniscus speed. Fig. 4 . In the downstream far enough not to have any radial velocity, the axial velocity profile of blood flow at X = 20 mm was measured at three different times (0.09, 1.23, and 2.38 seconds later after the meniscus reached the probe beam located at X = 20 mm). By assuming that the profile follows Poiseuille's law, parabolic curve fits were provided with the same flow rates calculated from the experimental data.
CONCLUSIONS
In this study, we measured and analyzed the surface-tension-driven blood flow with spectral-domain Doppler optical coherence tomography (SDDOCT) and a video camera. From the video analysis, we obtained the meniscus position over time for different shaped microchannels and computed the meniscus speed for each position. Three-dimensional flow field around the meniscus was quantified by SDDOCT. The radial motion near the meniscus was clearly observed which is a key mechanism to enhance mass transfer from or to the channel wall.
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